Abstract. We describe epitope mapping data using multiple covalent labeling footprinting-mass spectrometry (MS) techniques coupled with negative stain transmission electron microscopy (TEM) data to analyze the antibody-antigen interactions in a sandwich enzyme-linked immunosorbant assay (ELISA). Our hydroxyl radical footprinting-MS data using fast photochemical oxidation of proteins (FPOP) indicates suppression of labeling across the antigen upon binding either of the monoclonal antibodies (mAbs) utilized in the ELISA. Combining these data with Western blot analysis enabled the identification of the putative epitopes that appeared to span regions containing N-linked glycans. An additional structural mapping technique, carboxyl group footprinting-mass spectrometry using glycine ethyl ester (GEE) labeling, was used to confirm the epitopes. Deglycosylation of the antigen resulted in loss of potency in the ELISA, supporting the FPOP and GEE labeling data by indicating N-linked glycans are necessary for antigen binding. Finally, mapping of the epitopes onto the antigen crystal structure revealed an approximate 90°relative spatial orientation, optimal for a noncompetitive binding ELISA. TEM data shows both linear and diamond antibodyantigen complexes with a similar binding orientation as predicted from the two footprinting-MS techniques. This study is the first of its kind to utilize multiple bottom-up footprinting-MS techniques and TEM visualization to characterize the monoclonal antibody-antigen binding interactions of critical reagents used in a quality control (QC) lot-release ELISA.
Introduction P rotein structural characterization is an important aspect of biotherapeutic discovery and pharmaceutical development, primarily for the elucidation of structure-function relationships, investigations of mechanisms of action, and determining protein-protein interactions such as antibody-antigen binding interactions (epitope mapping). Epitope mapping is a critical aspect of biotherapeutic discovery and has historically been performed using alanine scanning, crystallography [1, 2] , and nuclear magnetic resonance (NMR) [3] . While these are powerful tools that can provide residuelevel and atomic resolution, their utility for epitope mapping can be limited by a target protein's size or flexibility, relatively large sample requirements, or unpredictable structural changes associated with mutational analysis. Recent advancements in epitope mapping technologies include protein/peptide array [4, 5] and phage display [6] , both of which can provide residue-specific information and/or enable high-throughput analysis; however, these methods are limited in their ability to detect conformational epitopes [7, 8] and their compatibility with glycoproteins.
Enabled by developments in instrumentation over the last decade, bottom-up mass spectrometry (MS) techniques have emerged as a valuable complementary approach that increase the ability to achieve peptide and residue-level information [9] . Hydrogen/deuterium exchange (HDX) is by far the most advanced of the bottom-up mass spectrometry-based techniques, and has emerged as the industry standard for epitope mapping of biotherapeutics approaches [10] [11] [12] [13] [14] [15] [16] [17] . HDX has the advantage of providing nearly 100% protein sequence coverage, information on conformational epitopes, and has virtually no limit on the size of the protein(s) of interest [18] [19] [20] . However, challenges with this technology include back-exchange, deuterium scrambling, and rigorous data processing [21] . The advent of robotics for sample handling, online protein digestion procedures, and software improvements has enabled HDX to become a mainstream technology in the biotechnology industry. Many of the challenges described with HDX technology have been mitigated and now enable better reproducibility, high-throughput analysis, and faster data processing times. However, HDX has been proven to be difficult with heavily glycosylated proteins, and extensive efforts have been made to improve HDX analysis of glycoproteins with considerable success [22, 23] .
Covalent labeling techniques coupled with mass spectrometry (footprinting-MS) have recently emerged as complementary bottom-up approaches for structural characterization and elucidation of protein-protein interactions [24, 25] . Recently, we have utilized both hydroxyl group footprinting-MS using fast photochemical oxidation of proteins (FPOP) and carboxyl group footprinting-MS with glycine ethyl ester labeling (GEE labeling), to separately characterize the binding interface of a Fab-antigen complex [26, 27] . This work was performed to demonstrate the utility of these technologies in the biotechnology industry sector.
Fast photochemical oxidation of proteins (FPOP) is a technique that utilizes a high power excimer laser to photo-dissociate hydrogen peroxide into hydroxyl radicals, facilitating the irreversible covalent labeling of protein residues as a measurement of solvent accessibility [28] . The solvent accessibility of a given region of a protein is based on the local microenvironment for the individual peptide/residue. Regions on the protein that are buried should be less solvent accessible than regions on the surface. Similarly, residues involved in protein-protein binding interactions will be less solvent accessible at the binding interface than in the unbound state. Using FPOP to measure the changes in solvent accessibility on an antigen in the bound versus unbound states has proven to be a reliable strategy for deciphering proteinprotein binding interfaces [29] [30] [31] [32] . However, determining if the differences in solvent accessibility are due to the specific binding interactions, or protein structural conformational changes that occur as a result of binding, is an inherent challenge as highlighted in this report.
Similar to FPOP, carboxyl group footprinting-MS using glycine ethyl ester (GEE) labeling is an irreversible covalent labeling technique that selectively labels carboxylic acids moieties (aspartic acid, glutamic acid, C-terminus) [33, 34] . Although hydroxyl radicals have been shown to react with all amino acids, residues containing the carboxylic acid moiety (aspartic acid, glutamic acid) are at least an order of magnitude less reactive than sulfur (methionine, cysteine) and aromatic containing residues (tryptophan, phenylalanine, tyrosine, histidine) [35] . Therefore, GEE labeling provides complementary data on residues that are limited by FPOP analysis. This technique has the added advantage of being able to monitor protein structural changes under experimental conditions difficult for other technologies such as the presence of lipid environments [33] . In addition, GEE labeling compares the rates of labeling of the antigen in the unbound versus bound states, enabling normalization in any global differences in solvent accessibility between an unbound and bound state [27, 34] .
FPOP and GEE labeling provide unique and complementary information for determining peptides/residues involved in binding interfaces; however, demonstrated applications in which both methods have been required for structural elucidations are limited [36] . Here we describe the use of these technologies in combination to characterize the antibody-antigen interactions of a monoclonal antibody (mAb)-based sandwich enzyme-linked immunosorbant assay (ELISA) used for the detection and quantitation of a specific residual host cell protein, Phospholipase Blike 2 (PLBL2).
Therapeutic proteins are traditionally recombinantly expressed in hosts such as Chinese hamster ovary (CHO) cells [37] . During the fermentation process, host cell proteins (HCPs) are released into the cell culture fluid through natural secretion processes and from cell lysis. In order to ensure appropriate clearance of HCPs in the final product, extensive purification steps are usually required [38] . Unacceptable levels of HCPs in the final product pose a significant risk to patients, as they may lead to potential immunogenic effects [39] . Therefore, HCP levels are routinely monitored and quantitated using a variety of approaches, including ELISAs, Western blots, and proteomic mass spectrometry (reviewed in [40] ), the results of which are typically required for lot-release of clinical and commercial biotherapeutics. Phospholipase B-like 2 (PLBL2) is a CHOderived HCP previously identified to co-purify with several Genentech, Inc. clinical products [41] that required the development of a PLBL2-specific ELISA to measure residual PLBL2 in clinical material for lot-release testing. The PLBL2 sandwich ELISA utilizes two hybridoma-derived monoclonal antibodies (clones mAb1 and mAb2) with noncompetitive binding to PLBL2 and with roughly similar binding affinities. This assay is a quality control lot-release assay in which assay consistency and performance are of utmost importance.
CHO-derived PLBL2 is homologous to the previously identified lysosomal 66.3 kDa protein structurally defined as a member of the N-terminal nucleophile hydrolase superfamily [42] . The crystal structure for the mouse homolog indicates that this protein consists of two subunits with an αββα core fold, which herein are referred to as the N-terminal subunit (28 kDa) and C-terminal subunit (40 kDa). The protein has been shown to be highly glycosylated and displays significant heterogeneity in both O-linked and N-linked glycoforms, including varying levels of sialic acid and mannose-6-phosphate [43] . To investigate the potential impact of the glycan heterogeneity on performance of the immunoassay, we performed routine characterization studies using sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and Western blot analysis. This analysis revealed that the detection monoclonal antibody (mAb1) binds to PLBL2 in the Western blot format, whereas the capture monoclonal antibody (mAb2) does not. These data suggested that mAb2 may bind to a conformational epitope [7] . We therefore sought to understand the nature of the binding interactions within the ELISA format to help ensure the consistency and performance of the critical reagents. Since our traditional methods of characterization were insufficient to elucidate the binding regions of the mAbs, we performed epitope mapping of the two PLBL2-mAb complexes.
This work describes the combination of FPOP and GEE labeling for determining epitopes on a highly glycosylated antigen. The FPOP data shows a significant suppression in labeling across the antigen in both complexes, which we attribute to conformational stability of the antigen. While these data were difficult to interpret in isolation, the putative epitopes identified spanned regions that contained N-linked glycans with proximal aspartic acid residues, prompting us to use GEE labeling for confirmatory studies. Combining the data from these technologies enabled us to confidently determine that regions containing N-linked glycans were involved in the interface of the antibody-antigen complexes. Subsequently we deglycosylated the intact antigen, resulting in distinct deglycosylation time-dependent loss in potency detected by the ELISA and verifying that N-linked glycans are involved in binding interactions. Mapping of the putative epitopes on the antigen crystal structure revealed that the two epitopes appear to be in a 90°relative spatial orientation, and in the optimal orientation for noncompetitive binding. Finally, we analyzed the PLBL2-mAb1-mAb2 mixture using negative stain transmission electron microscopy (TEM) [44] , which revealed both a linear (2 mAbs + 1 antigen) and a diamond antibody-antigen (2 mAbs + 2 antigens) complex, both of which demonstrate the near 90°a ngle spatial binding position predicted from our FPOP data. This work provides the first data that couples multiple footprinting-MS techniques with TEM for epitope mapping of an antigen used in a monoclonal antibody sandwich ELISA. Combining these three techniques has enabled a comprehensive understanding of the antibody-antigen binding interactions of the critical reagents used in this QC lot-release ELISA. 
Experimental

Chemicals and Materials
H 2 O 2 (30%), trifluoroacetic acid (TFA), formic acid (FA), L- glutamine, L-methionine, cytochrome c, glycine ethyl ester (GEE), 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC),
Preparation of Samples
In brief, PLBL2 protein was transiently expressed in Chinese hamster ovaries (CHO) cells and purified for immunization in mice. PLBL2-specific mAbs were then produced using hybridoma technology for use in a sandwich ELISA. In this report, mAb2 is the capture antibody and mAb1 is the detection antibody used in the ELISA as previously described [41] . Antibody-antigen complexes were formed by mixing each mAb with the antigen at an excess molar ratio of 1:1. 
SDS Page Analysis and Western Blot Analysis
Samples were denatured with sodium dodecyl sulfate (SDS) (L3771, Sigma Aldrich, St. Lousi, MO, USA) and heated at 60°C for 15 min with reducing agent dithiothreitol (DTT) (10 mM) (D0632, Sigma-Aldrich). Samples were then separated with a 4%-20% tris-glycine gel (1.0 mm × 20 well) using an Invitrogen xCell4 Surelock Midi-Cell electrophoresis system. The bands were visualized by SYPRO Ruby stain or immunoblotted. For the immunoblot method, proteins on the gels were transferred onto PVDF membranes: one gel to one membrane. Then, each PVDF membrane was incubated with mouse anti-PLBL2 antibody. The proteins were detected using a chemiluminescence system. Digitized images of the SYPRO® Ruby stained gels and immunoblots were acquired on the ChemiDoc XRS (Bio-Rad, Hercules, CA, USA).
FPOP Labeling Procedure
PLBL2 and the two PLBL2-specific antibody-antigen complexes (PLBL2-mAb1 and PLBL2-mAb2) were subjected to FPOP labeling as previously described [45] . Briefly, a 248 nm KrF excimer laser (GAM Laser Inc, Orlando, FL, USA) tuned to 50 mJ/pulse at 12 kV was focused with a convex lens (Edmund Optics, Barrington, NJ, USA) onto a 150 μm i.d. fused silica capillary and used to irradiate the sample. Two 1000 μL syringes, one containing H 2 O 2 (HX0635, SigmaAldrich) and one containing a solution of protein and arginine (Arg) (A5006, Sigma-Aldrich) (protein+arginine), met at a micro-tee mixer located just before the point of laser irradiation. This allowed for mixing of the solutions from the two syringes and yielded a final concentration of 30 mM H 2 O 2 , 0.5 mg/mL total protein, and 30 mM arginine at the time of irradiation and hydroxyl radical generation. Both solutions were asymmetrically mixed with syringe pumps by using different capillary ID (75 μm for H 2 O 2 , 150 μm for (protein+Arg) and flow rates (450 μL/hr for H 2 O 2 , 900 μL/h for protein+Arg). The laser-pulse frequency was controlled by an external pulse generator (B&K Precision, Yorba Linda, CA, USA) and matched with the flow rate to allow for a 15% exclusion volume to ensure samples had only a single exposure to hydroxyl radicals. Labeled samples (150 μL) were collected in low protein-binding tubes containing 200 mM methionine (Met) (M9625, Sigma-Aldrich) and 3 μg of catalase (C40, Sigma-Aldrich) to quench residual H 2 O 2 and hydroxyl radicals. FPOP analysis was performed using the previously described Bequal-weight^strategy [26] in which the total amount of protein for each sample was kept constant (0.5 mg/mL) to minimize any differences in oxidative potential between the unbound and bound antigen solutions.
GEE Labeling Procedure
GEE labeling was performed in 25 mM TRIS, pH 7.5 labeling buffer at a final concentration of 688 mM GEE and 14.3 mM EDC (mol GEE:mol EDC = 48) as previously described [27] . Briefly, 200 μg of protein was used for each assay and the reactions were quenched after 0, 1.5, 3.9, 6.5, and 10 min reaction time with trifluoroacetic acid (TFA) at a final concentration of 0.6% v/v. The final volume for each assay was~150 μL.
LC-MS/MS Analysis for FPOP and GEE Labeling
Samples were diluted with guanidine HCl (6 M) and DTT (10 mM, 45°C for 10 min), s-carboxymethylated with 5 μL sodium iodoacetate (I2512, Sigma-Aldrich) (25 mM, at room temperature protected from light for 5 min), and quenched with DTT (50 mM, room temperature). The resulting samples were then desalted using NAP-5 columns (17-0853-02, GE Healthcare) with an elution volume of 800 μL PBS, digested with 5 μg trypsin (37°C for 1 h), deglycosylated with 0.15 μg PNGaseF (37°C for 30 min), and quenched with 30 μL of 100% formic acid (FA). Tryptic peptides (10 μg) were separated using a Waters H-Class UPLC with Waters Acquity UPLC CSH130 C-18 column (1.7 μm, 2.1 × 150 mm). Peptide separation occurred across a gradient from 100% solvent A (H 2 O, 0.1% FA) to 35% solvent B (ACN, 0.1% FA) over 42 min at a flow rate of 0.3 mL/min and column temperature of 77°C. MS analysis was performed with a ThermoFisher QExactive operating in positive mode, performing MS 2 scans on the top-10 most abundant peaks in data-dependent mode in the m/z range 350-2000 at a resolving power of 35,000.
Footprinting Mass Spectrometry
Tryptic peptide numbering for the PLBL2 antigen is based on the UnitPRot sequence ID# Q3TCN2. For FPOP and GEE labeling analysis, peak identification and quantitation of percent modification for each peptide were performed using Byonic and Byologic Footprint Software Suites, respectively (Protein Metrics, Inc.). For FPOP analysis, all samples were analyzed in triplicate. Each triplicate sample set had a corresponding Bno laser^control, which was a sample run through the FPOP system without the laser pulsing, to account for background oxidation. The extracted ion chromatograms (XIC) for the oxidized peptide species, and the parent peptide were used to calculate the percent oxidation with the equation as previously described [26, 30, 32] . All of the observed charge states were included in the calculation for each peptide. Percent oxidation is presented as the average for triplicate runs after subtracting the Bno laser^background oxidation control. Error bars represent the statistical analysis performed using a single sample t-test with a 95% confidence interval. Significant differences in % modification for a given peptide is determined by non-overlapping error bars comparing the unbound versus bound states.
For GEE labeling, a fixed modification was included for carboxymethyled cysteines (+58.0055 Da) and a variable modification was included for GEE mass shifts for GEE incorporated residues (+85.0528 Da). The GEE hydrolysis product (+57.0215 Da) was observed at trace levels and did not contribute significantly to the overall quantitation. The median change of the rate constant ratios was used to normalize to a value of 1 (division by the central tendency) as previously performed [27, 34] , to compensate for non-biological variations between samples. Tryptic peptides with normalized rate constant ratio of 1 were considered to have no change in solvent accessibility. We designated significant differences in rates of labeling to be 50% or greater change from the value of 1 (e.g., ≤0.5 or ≥1.5), in which peptides with ratios ≥1.5 are considered more solvent exposed and those ≤0.5 are considered less solvent exposed in the bound state.
TEM Analysis
Negative stain transmission electron microscopy imaging and 2D class averaging were performed on a mixture of PLBL2, mAb1, and mAb2 by Nanoimaging Services. Sample preparation, imaging, analysis, and in silico renderings were performed as previously described [46] .
Structural Mapping of Footprinting-MS Data
The mouse 66.3 kDa lysosomal homologue crystal structure (PDB:3FXB) was used as a surrogate for the CHO-derived PLBL2 protein for mapping of the FPOP and GEE labeling data. The PDB file was subjected to in silico N-linked glycosylation using GlyProt Freeware (http://www.glycosciences. de/modeling/glyprot/php/main.php).
Results and Discussion
Evaluation of mAb1 and mAb2 Binding Interaction with PLBL2
Monoclonal antibodies mAb1 and mAb2 were previously demonstrated to have noncompetitive binding in the sandwich ELISA format at relatively similar binding affinities for PLBL2 [41] . Western blot analysis indicated that mAb1 has a strong interaction with the full-length protein and binds weakly to the N-terminal subunit of the denatured and dissociated antigen (Figure 1 ). However, mAb2 did not bind the full-length protein or an antigen subunit under the reduced and denaturing conditions of the Western blot (Figure 1 ). These data imply that mAb2 may bind to a conformational epitope that requires the native, non-denatured higher order structure [7] .
FPOP/GEE Labeling Sequence Coverage and Glycopeptide Detection
The irreversible covalent labeling of FPOP and GEE labeling technologies enable the use of virtually any protease for bottomup MS analysis. Trypsin is the protease of choice because of excellent reproducibility, efficiency, predictable cleavage sites, and ease of data analysis. We investigated the feasibility of using trypsin for footprinting-MS analysis and observed excellent sequence coverage (~90% total sequence coverage), postdeglycosylation of the peptides. In addition, our trypsin map of the native peptides identified the expected five N-linked glycosylation sites and over 20 putative O-linked glycosylation sites (Supplementary Figure S1) . Previous literature has shown that the N-linked glycosylation sites are nearly fully occupied [43] , but there is little information on the extent of O-linked glycosylation for PLBL2. Many of the O-linked glycans appear to be of low abundance in nature relative to the N-linked glycan occupancy (data not shown) and, therefore, were not considered in footprinting-MS analysis. All subsequent footprinting-MS analyses were performed on tryptic peptides that were treated with PNGaseF for N-linked glycan deglycosylation.
FPOP Analysis of PLBL2 in the Unbound State and Bound Complexes
The amount of hydroxyl radical labeling that occurs during FPOP analysis for a given region of a protein is determined by the solvent accessibility of the associated amino acid residues [29, 31] . Comparing regions of an antigen with reduced hydroxyl radical labeling in the unbound versus bound states can enable inference in the location of the epitope binding interface [29] [30] [31] [32] . In this work, we subjected labeled samples to trypsin digestion to quantitate the amount of labeling (% modification) for each tryptic peptide in unbound PLBL2 and in bound complexes (PLBL2-mAb1 and PLBL2-mAb2). Using trypsin, we obtain >88% sequence coverage of FPOP labeled antigen peptides after deglycosylation of the tryptic digest using PNGaseF. Five tryptic peptides (tryptic peptide residues 80-99, 100-159, 212-237, 425-460, 514-539) were identified with the expected asparagine-to-aspartic acid modification that occurs from the N-linked deglycosylation by PNGaseF [47] . All of these tryptic peptides are located at positions that are consistent with known glycosylation sites when mapped onto the mouse-derived PLBL2 crystal structure [42] (subjected to in silico N-linked glycosylation).
Determining the binding interface from a protein-protein interaction using FPOP requires the observation of peptides/ residues with reduction in solvent accessibility (measured by % modification) in the bound versus unbound state. Ideally, the reduction in % modification will be localized to specific regions of the protein for inference of the binding interface. Examining the full oxidative footprint of PLBL2 in the unbound and bound complexes, we observed a significant decrease in % modification in peptide labeling across the PLBL2 antigen in both complexes (Figure 2a) . These data were difficult to interpret since the reduction in labeling was not localized to specific peptides in both complexes, and FPOP data cannot distinguish solvent accessibility changes that are due to the direct protein-protein interactions versus those due to subsequent conformational changes. We utilized our previous equalweight strategy for FPOP samples analysis in which the total protein in solution is kept constant for the unbound and bound analyses [26] . Using this strategy, we previously showed that the protein has a negligible effect on the scavenging potential of FPOP samples at concentrations of ≤2 g/L, and therefore we do not think these broad reductions in peptide labeling are an artifact of the FPOP protocol.
We instead hypothesize that the antigen is in a more compact conformation in the antibody-antigen complexes [48] , resulting in a significant change in the overall solvent accessibility of the protein. This Bconformation stability^has been documented for antibody-antigen complexes using HDX as far back as the 1980s [49] , and more recently using both HDX [50] and hydroxyl radical footprinting [51] with bound glycoproteins.
The FPOP data revealed that 23 of the 30 measured tryptic peptides exhibited suppression in reduction of solvent accessibility (% modification) in the PLBL2-mAb1 and PLBL2-mAb2 complexes (Figure 2a) . These data on their own were nearly impossible to interpret for determining the binding interfaces for the two antibody-antigen complexes, requiring us to employ a novel strategy for elucidating the binding sites. First, 16 of these tryptic peptides showed similar suppression in both complexes (orange and yellow bars, respectively). To simplify our search for the epitopes, these peptides were mapped on to the mouse PLBL2 crystal structure and found to be located at the core of the protein (buried within the protein) (Figure 3 ). The changes in solvent accessibility for these peptides were considered to be due to conformational stability, and eliminated from the consideration of being associated with direct binding interactions. This left two distinct areas at the N-terminus and C-terminus with sequential peptides that exhibit suppression of % modification.
Secondly, we knew that the antibodies are noncompetitive and therefore have distinct binding regions. According to our Western blot data, mAb1 appears to bind weakly to the Nterminus of the antigen, and thus we attributed peptides with suppression in % modification in the bound state on the Nterminus (residues 57-65, 68-79, 80-99) to be associated with the mAb1 binding interface (blue bars). Finally, the remaining peptides located towards the C-terminus (residues 470-482, 486-513, 514-539) (red bars) were then attributed to mAb2 binding. Although this strategy was convincing, both mAbs appear to reduce the solvent accessibility of the N-terminus tryptic peptide containing residues 68-79, convoluting our putative identification. A complementary method was therefore required to strengthen confidence in the putative epitope identification.
GEE Labeling Analysis of PLBL2 in the Unbound State and Bound Complexes
Upon further examination of the FPOP data, we found that both of the putative epitopes on PLBL2 span peptides that contain N-linked glycans (residues 80-99 and 514-539, respectively) with neighboring aspartic acid residues. With this knowledge, we chose GEE labeling as a secondary footprinting-MS technique to further confirm the identity of epitopes. Trypsin digestion yielded >80% sequence coverage of the tryptic peptides containing carboxyl acid moieties in the antigen after deglycosylation of the peptides using PNGaseF. Interestingly, we observed significantly lower rates of GEE labeling for the antigen in the bound state compared with the unbound state (Supplementary Table S1 ), consistent with the FPOP data, which also demonstrated suppression of % modification in the bound state. Both data sets indicate that antigen binding results in more compact conformation, which we believe is due to conformational stability of the antigen. To compensate for the gross labeling differences, we utilized our normalization strategy in which the median change of the rate constant ratios was used to normalize to a value of 1 (division by the central tendency) [27, 34] . The normalization enabled us to obtain peptides on the antigen with significant decrease in GEE labeling in each antibody-antigen complex (Figure 2b) . Consistent with the FPOP data, mAb1 appears to bind the N-terminus (residues 68-79, 80-99) and mAb2 appears to bind the Cterminus (residue 549-573). The N-terminus peptides identified by GEE labeling are consistent with those identified by FPOP; however, the C-terminus peptide(s) from the two data sets do not overlap. All three of the peptides identified by GEE labeling only contain a single GEE labeling site affording residuelevel information. Aspartic acid (D) residues D72 and D82 are the labeling sites for the two N-terminus peptides, respectively, and D560 is the labeling site for the C-terminus peptide.
Structural Mapping of Footprinting-MS Data
Mapping the FPOP and GEE labeling data onto the mouse PLBL2 crystal structure enables us to visualize the binding regions for both mAbs (Figure 3 ). Both mAbs appear to bind regions containing N-linked glycans (shown as magenta sticks) on opposite sides of the PLBL2 antigen (Figure 3, left side) . The FPOP and GEE labeling identify overlapping peptides (blue residues) of mAb1 binding site on the N-terminus of PLBL2. For the C-terminus epitope of mAb2, data from FPOP and GEE labeling (red and green residues, respectively) do not identify overlapping peptides; however, structural mapping demonstrates the proximity of D560 to the peptides identified via FPOP. Western blot analysis indicates mAb1 binds to full-length PLBL2 and weakly to the N-terminus subunit, whereas mAb2 does not appear to bind PLBL2 under reduced/denaturing conditions. CHOP = CHO protein As indicated above, mapping of the tryptic peptides that had similar changes in solvent accessibility (presumed to be conformational changes) demonstrated that most of the peptides were located toward the center of the molecule, between both of the binding regions ( Figure 3 , right side). Visualizing the footprinting-MS data on a representative 3D structure indicates that the epitopes appear to have an approximate 90°angle from each other, an optimal spatial position for the noncompetitive binding interactions of the sandwich ELISA.
Structural mapping also reveals a putative epitope for mAb2 that contains a high density of alpha helical secondary structure, which is consistent with its lack of antigen binding under reduced Western blot analysis. However, it is still unclear why mAb1 binds full length antigen and only weakly to the dissociated N-terminus subunit.
Effects of Deglycosylation on the Binding Affinity of PLBL2
Data from both footprinting-MS methods identified that the two putative epitopes appear to be associated with N-linked glycopeptides. To test the hypothesis that N-linked glycans contribute to the epitope binding regions, we deglycosylated the intact PLBL2 with PNGaseF and EndoH, and re-analyzed the deglycosylated antigen using the sandwich ELISA. Unfortunately, both PNGaseF and EndoH are similar in mass as the PLBL2 C-Terminus and N-Terminus, respectively, limiting the information that can be obtained from the dissociated antigen (Supplementary Figure S2) . In addition, we found that the deglycosylation efficiency was limited for the intact antigen compared with the denatured antigen for both enzymes after 72 h of incubation (Supplementary Figure S2) . These results were not unexpected because of the complexity of the antigen glycans (data not shown) [42] . Nonetheless, we observed a deglycosylation time-dependent loss in potency following treatment with both enzymes from 24 to 72 h (Figure 4) , with no effect on the control sample (72 h with no deglycosylase). These data indicate that the epitopes involve N-linked glycan-specific interactions, supporting our FPOP and GEE labeling data.
Negative Stain Transmission Electron Microscopy (TEM) Imaging
After identifying the putative binding sites on either side of the antigen, we investigated the orientation of the antibody-antigen complex by visualization of negative stain TEM [44] . This method can provide relatively high-resolution images in nanometer scale for the static state structure found in a protein solution. The data from our TEM analysis provided a unique insight into the sandwich ELISA structural interactions on both the unbound mAbs and bound complexes (Figure 5a) .
Two distinct structural classifications were obtained for the unbound mAbs (Figure 5b ). We observed a conical mAb three-ringed structure that appeared to have a planar orientation (denoted as looped-structure) (Figure 5b-1) , and a structure with the Fab arms that appeared to be perpendicular to the Fc region (denoted as lobedstructure) (Figure 5b-2) . In addition, two distinct structural classifications of the antibody-antigen complexes were observed: a linear complex (one antigen bound between 2 mAbs) (Figure 5c-1) , and a diamond shaped complex (two antigens bound between two mAbs) (Figure 5c-2) . Both antibodies have similar structures in the bound and unbound forms, indicating that the conformations of the unbound forms are retained in the complexes and not an artifact of the immobilization/staining process. Structural renderings are provided for the possible shapes of the unbound planar mAb (blue structure) and unbound perpendicular mAb (red structure). It is clear that the two mAbs appear to bind in a completely different orientation in both of the complexes. In addition, the angle of the dual binding event for both the linear and diamond complexes is consistent with the 90°angle spatial orientation predicted from the mapping of the footprinting-MS data onto the structure of the antigen.
Conclusion
In this work, we combined multiple footprinting-MS methods and TEM analysis to characterize and visualize the antibody-antigen interactions for a monoclonal sandwich ELISA used for QC lot-release testing. This extensive characterization was performed because of the unique questions surrounding glycan impact on PLBL2 antigenantibody interactions, which are not typically examined by more traditional methods of reagent characterization. Our work provides the first-of-its-kind analysis combining bottom-up footprinting-MS and TEM visualization to elucidate the binding interactions of a ternary antibodyantigen complex.
We observed that much of the antigen showed suppression in solvent accessibility using FPOP when bound to either mAb, suggesting that conformational stability may be occurring upon binding. Glycoproteins are highly dynamic [52, 53] and the phenomenon of conformational stability has been documented [48, 49] , but strategies for interpreting hydroxyl radical footprinting data for these circumstances have not been addressed. Here, we hypothesized that peptides with similar changes in solvent accessibility across both mAb1 and mAb2 complexes were the result of conformational stability in the antigen rather than direct binding events. These peptides mapped to the core of the antigen, supporting this hypothesis and simplifying interpretation of the remaining data ( Figure 2 and Figure 3 ).
Combining these data with Western blot analysis enabled us to subsequently map the remaining data to the N-terminus and Figure 3 . Footprinting-MS data mapped on to the mouse PLBL2 crystal structure (PDB:3FBX with in silico glycans added in magenta). Left structure: peptides putatively involved in the antibody-antigen binding regions for mAb1 (blue) and mAb2 (red and green). Right structure: peptides putatively exhibiting conformational structural changes upon mAb binding C-terminus (Figure 2 , blue bars and red bars, respectively). Although this strategy was compelling for the identification of the two epitopes, we obtained confounding data for peptide 68-79, which required us to employ a confirmatory method. We identified the epitope regions spanned peptides containing both N-linked glycans, potentially limiting the technologies used for confirmatory studies. However, we observed that the putative epitopes appeared to involve aspartic acid residues, affording the use of GEE labeling as our complementary footprinting-MS technology. GEE labeling provided confirmatory data for the identification of the epitopes. Loss of potency in the ELISA after deglycosylation of the intact antigen confirmed that N-linked glycans are important for binding. Finally, mapping of the data from both footprinting-MS methods onto the mouse PLBL2 crystal structure provided the putative binding orientation of the two mAbs that was corroborated by our TEM analysis. In addition, TEM analysis provided insight into the different binding orientations of the two mAbs in both the linear and diamond ternary complexes.
In summary, the combination of FPOP, GEE labeling, and TEM enabled the identification of the putative binding epitopes for mAbs used in a sandwich ELISA. This integrated approach using multiple bottom-up footprinting-MS methods and TEM visualization for protein structural analysis is the first of its kind for examining monoclonal antibody-antigen interactions within a sandwich ELISA. Moreover, the use of high order structural techniques may be required to ensure consistency in critical reagents, when traditional characterization methods are not sufficient.
